Membrane fusion between uncharged lipid vesicles can be triggered by the peptide sequence`B18' from the fertilization protein`bindin', but it only proceeds efficiently in the presence of Zn 2 ions. We studied (i) the interaction of Zn 2 with the fusogenic peptide B18, (ii) the binding of B18 to 1-palmitoyl-2-oleoylglycero-3-phosphocholine (POPC), and (iii) the ternary system POPC/B18/Zn 2 . The complex formation of Zn 2 with the central histidine-rich motif of B18 appears to shift the secondary structure away from a L-sheet towards an K-helical conformation. Here we observe for the first time an essentially K-helical structure of the peptide when immersed in POPC bilayers which appears to represent its functional fusogenic state. Infrared linear dichroism suggests a peripheral, oblique insertion mode of B18, mediated by the hydrophobic patches along one side of the amphipathic peptide. Furthermore, the hydration level of the peptide is reduced, suggesting that the hydrophobic region of the bilayer is involved in the lipid/peptide interactions. The hydration capacity of the POPC/B18/Zn 2 system is distinctly smaller than that of POPC/Zn 2 without peptide. The accompanying decrease in the number of tightly bound water molecules per lipid can be interpreted as a reduction in the repulsive`hydration' forces, which usually prevent the spontaneous fusion of lipid vesicles. Binding of the B18 peptide in the presence of Zn 2 effectively renders the membrane surface more hydrophobic, thus allowing fusion to proceed. ß
Introduction
The sea urchin sperm protein`bindin' plays a key role in fertilization, as it mediates the species-speci¢c gamete adhesion and presumably fusion with the egg membrane [1, 2] . The central conserved part of the protein is relatively hydrophobic and appears to be responsible for its high a¤nity to lipid bilayers [3^5] . To understand the function of native sperm bindin and to illuminate the general principles of other fusogenic proteins, it is necessary to describe their mode of binding and their destabilization of fusioncompetent lipid bilayers. To this aim, we are initially focussing our attention on a short sequence of 18 residues, which represents the minimal membranebinding and fusogenic motif of bindin [6^8] . Just like the parent protein, the`B18' peptide fragment has been demonstrated to cause rapid fusion between uncharged vesicles of sphingomyelin/cholesterol [7] , and it also interacts strongly with other synthetic lipid bilayers (Zschoernig et al., in preparation). Notably, the fusion activity of the peptide is strongly enhanced in the presence of Zn 2 , which is known to occur in stoichiometric amounts in the parent protein. This metal ion has been shown to form a speci¢c complex with the histidine-rich motif HxxHH of B18. Membrane fusion assays can thus be conveniently triggered by the addition of Zn 2 , which appears to act as a folding aid by introducing a local peptide conformation resembling the native zincbinding site of bindin. By nuclear magnetic resonance (NMR) and circular dichroism (CD) spectroscopy, we have recently found that B18 forms an amphipathic K-helix in the presence of Zn 2 , and similarly in membrane-mimicking environments such as 30% tri£uoroethanol (TFE) or detergent micelles [7, 8] .
In an K-helical conformation, which appears to be a characteristic structure of most fusogenic peptides [9, 10] , B18 carries two clusters of hydrophobic side chains. With these patches oriented on one face of the helix, the peptide could favorably penetrate into a lipid membrane. However, relatively little is known about the molecular interactions between B18 and lipids, and about the role that Zn 2 plays in this step. Besides any general structural changes of the relevant molecular segments, it will be interesting to address the orientation of the peptide in the lipid environment. An oblique angle of immersion has been postulated as a general mechanism for peptide-induced fusion, on the basis of molecular modelling [11] . Hence, an experimentally re¢ned picture of the B18 system promises to be of some general relevance, not only for the fertilization process but also for other fusogenic peptides which mediate for example the entry of enveloped viruses into host cells.
The general process of peptide-induced membrane fusion must involve a sequence of events, namely peptide-binding, vesicle aggregation, surface dehydration and membrane destabilization, before the ¢-nal merging of the bilayers can proceed [9, 12, 13] . The hydration of the polar interfaces and the repulsive forces acting between them are known to be closely related to the ability of lipid bilayers to fuse [14] . Consequently, an investigation of the membrane system as a function of hydration is expected to yield direct information about the thermodynamics of fusion, about the phase behavior of the lipid, and about the interactions of divalent cations and B18 with the lipid headgroups. Recently, we have combined hydration/dehydration studies with infrared (IR) linear dichroism measurements to characterize the molecular architecture of lipid systems [15^17] . Polarized attenuated total internal re£ection (ATR) IR spectroscopy is well-suited to obtain information about the insertion mode of peptides into lipid membranes [18^23]. Hence we studied the interaction of B18 with oriented multibilayer stacks of 1-palmitoyl-2-oleoylglycero-3-phosphocholine (POPC) in the presence and absence of Zn 2 by IR linear dichroism as a function of the relative humidity (RH).
According to White and Wimley [24] , the strategy for studying the interaction of a small biologically active peptide with a lipid bilayer is to answer four questions: (1) what structure does the peptide adopt; (2) what is the transbilayer location of the peptide; (3) what is the energetic cost of getting there; and (4) what are the resulting e¡ects on the bilayer structure? Additionally, in this particular B18 system, we need to consider the in£uence of Zn 2 on the molecular structure of the lipid and peptide, and on the hydration levels of each individual component and a mixture of both. The paper is organized as follows: ¢rst, the secondary structure of the peptide in the presence and absence of Zn 2 is described. Second, its interactions with POPC and its orientation in the lipid membrane are analyzed and discussed. Third, we compare the water adsorption and the lyotropic chain melting transition of the lipid in four systems: pure POPC, POPC/Zn 2 , POPC/ B18 and POPC/Zn 2 /B18. The results were discussed in terms of fusogenic activity.
Materials and methods

Materials and preparation of lipid vesicles
Vesicles of POPC (Avanti Polar Lipids, Alabaster, USA) were prepared as follows. The lipid in a chloroform/methanol stock solution (1:3 v/v) was dried and re-suspended by vortexing in water (D 2 O or H 2 O) at a ¢nal lipid concentration of 2^3 mg/ml, followed by extrusion (Lipex extruder, Biomembranes, Vancouver, Canada) of the suspension through a polycarbonate Unipore membrane (100 nm pore size, Millipore).
The peptide B18 (LGLLLRHLRHHSNLLANI), representing amino acids 103^120 of the mature Strongylocentrotus purpuratus bindin sequence, was synthesized by standard Fmoc protocols, puri¢ed by reverse phase high performance liquid chromatography and checked by electrospray mass spectroscopy, as described earlier [7, 8] . Tri£uoroacetic acid (TFA), which was used in these procedures, is known to interfere with the data analysis, as the COO 3 stretching vibration can absorb strongly in the amide I region at 1673 cm 31 [18, 22] . Therefore, TFA was removed on an ion exchange column (Amberlite IRA-410 resin, Merck, Darmstadt, Germany), and the depletion was con¢rmed by 19 F-NMR in solution. Stock solutions of B18 were prepared by dissolving the peptide in water (10 mM, D 2 O or H 2 O). Sample solutions were prepared by mixing appropriate amounts of stock solutions of the lipid, of the peptide and/or of ZnCl 2 (dissolved in D 2 O or H 2 O, 10 mM) to yield nominal peptide to lipid ratios of R PaL W0, 0.02 and 0.2 (mol/mol), and Zn 2 to lipid ratios between R ZaL = 0 and 3 (mol/mol). Before measurements, the sample solutions were stored overnight at TW4³C.
IR linear dichroism measurements
Samples were prepared by pipetting 100^200 Wl of the sample solution on a ZnSe ATR crystal (70U10U5 mm 3 trapezoid, face angle 45³, six active re£ections) and evaporating the water under a stream of warm air. While drying, the material was spread uniformly over an area of A film W40U7 mm 2 onto the crystal surface by gently stroking with the pipette tip. The amount of material corresponds to an average thickness of the dry ¢lm of d 0 s 3 Wm, assuming a density of 1 g/cm 3 . The ATR crystal was mounted into a commercial horizontal ATR holder (Graseby Specac, Kent, UK) that had been modi¢ed such as to realize a well-de¢ned RH and temperature (T) within the sample chamber [15] . We used a £owing water thermostat (Julabo, Seelbach, Germany) and a moisture generator (HumiVar, Leipzig, Germany) to adjust RH (D 2 O or H 2 O) to any value between 5% and 95%, with an accuracy of þ 0.5% at T = 30³C. Polarized absorbance spectra, A N (X) and A P (X) (128 scans, nominal resolution 2 cm 31 ), were recorded by means of a Bio-Rad FTS-60a Fourier transform IR spectrometer (Digilab, MA, USA) at two perpendicular polarizations of the IR beam, parallel (N) and perpendicular (P) with respect to the plane of incidence. Before starting the measurements, the lipid ¢lms were hydrated for 1 h at RH = 95% and subsequently dried at 5%. Then, RH was increased stepwise (hydration scan). Polarized spectra were recorded every 3% after allowing the sample to equilibrate for 10 min at each step. After reaching the maximum value of RH, the scan direction was reversed (dehydration scan). In the samples without ZnCl 2 , no hysteresis e¡ects were detected. In the presence of ZnCl 2 , the formation of a complex between POPC and Zn 2 was observed in the ¢rst hydration scan only after reaching a humidity of RH s 60% [25] . In view of this hysteresis, we exclusively present the results of dehydration scans.
Although we used D 2 O vapor in most measurements, some experiments were performed with H 2 O to prove that the spectrum of adsorbed D 2 O, and in particular its bending mode near (1200^1204) cm 31 , does not lead to a misinterpretation of the IR spectra.
Determination of the IR order parameter
The IR order parameter, S IR , of an absorption band was calculated by means of
The polarized absorbances, A N and A P , were evaluated from A N (X) and A P (X) by integration after baseline correction. In some cases, the bands were separated using a global ¢tting technique [26] . In general, the`constants'
2 depend on the Cartesian coordinates of the normalized electric ¢eld amplitude (zP and yP point normal to the ATR surface and to the plane of incidence, respectively). These components depend on the ratio of the thickness of the sample ¢lm over the wavelength of the light (hrd/V), on the angle of incidence (g = 45³), and on the ratio of the refractive indices of the sample and the ATR crystal (n 21 = n sample /n ZnSe = 0.58) [27] . We make use of the`thick' ¢lm approximation (K r 1 = 2 and K r 2 = 2.54, [27] ) which has been shown to yield acceptable results for lipid ¢lms on a ZnSe crystal at h v 0.2 [26] .
The peak positions and the center of gravity (COG) of the absorption bands were determined from the weighted sum spectrum A(X) = A N (X)+ K r 2 A P (X) [17, 26] .
Determination of water adsorption isotherms by means of ATR-IR spectroscopy
The mol ratio water to lipid, R WaL , was estimated directly from the ratio of the integrated absorbances of the O^H/O^D stretching band of water, X 13 (H 2 O)/ X 13 (D 2 O), and the CNO stretching band of the lipid, X(CNO), by means of
This approximation is con¢rmed by comparison with the POPC isotherms, which were measured both gravimetrically and by IR spectroscopy to yield the proportionality constant K [25] . The X 13 (D 2 O) band was integrated over the range 2700 cm 312 100 cm 31 , and X 13 (H 2 O) over 3700 cm 31^3 100 cm 31 . The X(CNO) band provides a suited internal standard to determine R WaL , because its integrated intensity (1780 cm 31^1 690 cm 31 ) decreases roughly proportional to the dilution e¡ect of water [25] .
Results and discussion
The e¡ect of Zn
2+ on the secondary structure of B18 Fig. 1 shows the IR spectra of B18 which is spread onto an ATR crystal at variable RH (D 2 O). The shape of the amide I band is characterized by an intense IR band at 1620^1630 cm 31 , and a weak component 1685 cm 31 . The doublet is characteristic of an antiparallel L-sheet conformation [28, 29] . This observation is fully consistent with the tendency of B18 to self-associate into L-sheet amyloid ¢brils, as known from X-ray di¡raction and electron microscopy [8] . Besides the doublet, an underlying band centered around 1667 cm 31 in D 2 O vapor is clearly discernible. This feature appears to originate from an unordered structure of the peptide, which has also been observed by CD spectroscopy for B18 in aqueous solution before precipitation into ¢bril sets in [68 ] . This interpretation is supported by the observation that in some freshly prepared IR samples, the amide I band shows a single peak near 1667 cm 31 , which transforms into the contour shown in Fig. 1 after incubation of the sample for several hours at RH s 80%. In addition, the two asparagine side chains of B18 are expected to absorb at 1648 cm 31 , i.e. at a position in between the two L-sheet component bands [18, 30] . The amide I band of B18 shows essentially the same structure in H 2 O atmosphere as in D 2 O. Note that the underlying H 2 O bending vibration near 1650 cm 31 enhances, however, the central part of the amide I band.
The amide I contour of B18 in the presence of ZnCl 2 (R ZaP W6.5) di¡ers fundamentally from that of pure B18, as it shows a single maximum at
. It can be attributed to an K-helical peptide structure, which is again in good agreement with previous reports on this system. CD studies had shown that the peptide assumes a predominantly K-helical conformation in the presence of Zn 2 , and that the B18-Zn 2 complexes self-associate further into globular particles that are held together via Zn 2 bridges [6^8]. The two shoulders in the IR bands at 1585 cm 31 and 1609 cm 31 are probably due to the symmetric and antisymmetric CNN stretchings of the charged arginine residues (CN 3 D 5 ), which are superimposed on the imidazole ring vibration of histidine [18, 30] . This interpretation is supported by the disappearance of the shoulders in the B18 spectrum in H 2 O vapor, because the CNN stretching band shifts upwards by 40^50 cm 31 after protonation [31] . At this position, however, these bands are hidden behind the strong amide I and N(H 2 O) water bands.
With increasing RH, the peak of the amide I band of B18 is shifted to lower wavenumbers by V4 cm 31 , both in the absence and presence of Zn 2 . This trend indicates a slight strengthening of the hydrogen bonds in the peptide backbone due to the adsorption of water [22] (vide infra).
The IR transmission spectra of B18 (5 mM) dissolved in pure D 2 O or D 2 O+ZnCl 2 show a dominant peak at 1670 þ 3 cm 31 (data not shown). This feature has been assigned to a disordered structure (vide supra) in accordance with previous results which show that B18 is virtually unstructured in excess water up to pH 6 when the three histidines become protonated [7] . Precipitation of the peptide was observed in these samples only under neutral or basic conditions. Consequently, the existence of the L-sheet structure of the partially hydrated peptide indicates that at least a considerable fraction of the histidines must be deprotonated. The observed transformation of the peptide into an K-helical conformation at reduced hydration in the presence of Zn 2 con¢rms this interpretation, because the Zn 2 cations bind only to the deprotonated histidines [7] . Therefore we conclude that, even without having explicitly adjusted the pH (pD) in our preparation of the semidry B18/D 2 O and B18/D 2 O/ZnCl 2 mixtures, the histidines are su¤ciently deprotonated to behave in a biologically relevant manner.
The secondary structure of membrane-bound B18
When the B18 peptide is added to POPC (R PaL = 0.02), the amide I band is only weakly visible above the background of the dominant lipid IR spectrum (Fig. 2a) . We have therefore subtracted the corresponding spectra of the systems without B18 from the polarized spectra of the membranes with B18, in order to ¢lter out the amide I and II bands of the peptide (Fig. 2b,c ; see legend of Fig. 2 for details). The contour of the amide I band suggests that B18 exhibits, at least partially, an K-helical conformation in both types of samples, i.e. with and without Zn 2 . Apparently the lipid membrane induces an K-helical structure of the peptide even in the absence of Zn 2 , despite the fact that B18 on its own tends to self-associate in a L-sheet conformation (vide supra). The assignment of the amide I band to a helical structure is still somewhat hypothetical, because a random conformation may give rise to a similar spectrum [32] . On the other hand, it is known from NMR spectroscopy that the peptide assumes a predominantly K-helical structure in detergent micelles and in 30% TFE [6, 7] . Moreover, freeze-fracture electron microscopy has suggested that also in dimyristoylphosphatidylcholine (DMPC) bilayers, a certain fraction of K-helical peptide clusters is embedded, besides an abundance of L-sheet ¢brils which dominate the electron micrographs at high peptide concentration (lipid/peptide ratio = 10/1 or 30/1 (mol/mol), in the absence of Zn 2 ) [8] . It seems that the tendency of B18 to selfassociate into L-sheet ¢brils is strongly concentration-dependent, since an K-helical structure is observed at the lower concentration limit used here (lipid/peptide ratio = 50/1). Indeed, we found at a 10-fold increased peptide concentration (R PaL = 0.2), the IR amide I band of B18 in POPC retains the spectral features that are characteristic of a L-sheet (data not shown). Hence, the binding mode of B18 to uncharged membranes is strongly a¡ected by peptide^peptide interactions, but at low concentration no signi¢cant amount of L-sheet structure was detected in the presence of POPC.
The orientation of membrane-bound B18
In view of the arguments presented above, it appears reasonable to assume a helical structure of the peptide when it is interacting with POPC. The mean orientation of this secondary structure with respect to the membrane surface can now be evaluated from the polarized IR di¡erence spectra which are plotted in Fig. 2b ,c. The A P (X) spectrum is multiplied by a factor K r 1 = 2 to take into account the di¡eren-ces in the relative power of the evanescent ¢elds (vide supra). This representation shows that 2A P (X) s A N (X) in the spectral range of the amide I band, which indicates that the mean angle Ga W f, enclosed between the transition dipole, W W, and the normal of the ATR crystal, n, is larger than 55³. Several factors have to be considered for a more detailed interpretation of the dichroism in terms of helix orientation. The IR order parameter can be expressed as a set of nested, uniaxial symmetric distributions [33] 
The order parameters S N , S a and S K describe the mean macroscopic orientation of the membranes on the ATR surface (N), the mean orientation of the molecular axis of the helix with respect to the bilayer (a) and the mean orientation of the transition moment with respect to the helix axis (K) [17, 26] . They are averaged second-order Legendre polynomials, S i r0.5 G3cos 2 i31f (i = N, a, K), of the angles which are enclosed between the local bilayer normal, d, and n (N), between the helix axis, m, and d (a), and between W W and m (K). The macroscopic alignment of lipid lamellae of the ATR crystal yields typically S N W1, such that n and d can be assumed to point essentially parallel [34] . Literature data of S K (AI) vary between 0.4 and 0.8, which corresponds to an angle between W W and the helix axis, m, of 40³ s K(AI) s 20³ [20] . The intra-helical orientations reported for amide II transition dipoles vary between K(AII) = 90³ and 75³, or equivalently, S K (AII)W30.4 to 30.5.
The polarized spectra of POPC/B18 and POPC/ B18/Zn 2 yield virtually identical IR order parameters of the amide II band of S IR (AII) = 0.09 þ 0.06 and 0.0 þ 0.06, respectively (RH = 71%). The order 31^1 700 cm 31 ) in the A P (X) spectrum, A P (L+P)3kWA P (L) = 0. One value of k has been used to calculate vA P (X) and vA N (X).
parameter of the helix axis, S a W30.1 þ 0.15, is calculated using Eq. 3 with S K (AII) = 30.45 (K(AII)W79³) and S N = 1. The analogous estimation for the amide I band using S IR (AI) = 30.09 and S K (AI) = 0.5 (K(AI)W35³) yields S a W30.17 þ 0.1, in reasonable agreement with the result obtained from the dichroism of the amide II band.
The IR order parameter corresponds to an apparent mean inclination angle between the helix axes and the membrane normal of 6 a s W60³. Two conclusions can be drawn from this estimation. First, there is no signi¢cant di¡erence in helix orientation between the systems with and without Zn 2 . Second, the helix axis seems to align predominantly parallel to the membrane surface. One should, however, take into account several factors that prevent any exact analysis in terms of helix orientation: (i) as the individual amide transition dipoles are non-axially distributed with respect to the helix axis [21] , a progressive summation along 10^20 residues (with a periodicity of 3.6 per turn) yields an uncertainty in S IR of V þ 0.04. (ii) A certain fraction of disordered peptide residues, for example at the helix-termini, would shift S IR and S a towards a more random value. This e¡ect would decrease the apparent inclination angle Gaf of B18 towards 55³ [19] . (iii) In the case of a kinked helical structure, the di¡erent orientations of the individual helical regions would lead to more complex averaging. The NMR structure of B18 in 30% TFE/H 2 O has indeed been found to consist of two helical parts that are connected via a £exible hinge in the histidine-rich center [7] . This loop is distinctly bent (90³^120³) in the presence of detergent micelles, possibly due to their curved surface. Upon binding to a planar membrane surface, however, it has been suggested that the hinge may straighten out to form a stable K-helix over the full length of the peptide [7] . (iv) An equilibrium between membrane-bound monomers and oligomeric peptides would also complicate the IR analysis. Electron microscopy has revealed small B18 clusters of about 5 nm diameter embedded in DMPC (lipid/peptide ratio 30/1), although no such aggregates were observed in sphingomyelin/cholesterol under similar conditions [8] . (v) The dichroism of underlying absorption bands of amino acid side chains.
Most of these factors are expected to decrease the absolute value of the IR order parameter of the amide bands towards the random value of 55³. Therefore, the apparent inclination angle, Gaf, should be judged as a lower limit rather than an overestimation of the in-plane alignment of the helix. Consequently, the experimental IR order parameter suggests that the helical axis of B18 is oriented nearly parallel, in a slightly oblique fashion with respect to the membrane surface. This picture is in good agreement with a recent functional model of fusogenic peptides, which have been proposed to act by penetrating no deeper than the ester linkages of the lipid into the target membrane at an oblique angle of the helix axis [9^11, 35] .
The amide I mode mainly represents a coupled peptide bond CNO stretching vibration. It is known to exhibit a remarkable red shift as the degree of hydration of the carbonyl oxygens increases [36, 37] . The same tendency was observed upon hydration of B18, both on its own (see Section 3.2) as well as in the membrane-bound form (cf. Fig. 3 ). The amide I peak position of pure B18 is, however, considerably red-shifted relative to that in POPC (cf. Fig. 2d ). This di¡erence may suggest that membrane-bound B18 takes up less water than the`free' peptide at a given RH. Indeed, if the peptide is partially buried within the membrane, some of the amide groups would be screened from the water. This interpretation is consistent with the slight disordering e¡ect of the peptide on the lipid acyl chains (vide supra). Nevertheless, the di¡erences in the amide I band positions may also be attributed to membrane-induced modi¢cations of the peptide structure [29] . For example, a slight red shift of the amide I band of K-lactalbumin after the removal of Ca 2 ions has been reported to re£ect a transition of the peptide from an K-helical into a more disordered, irregular structure [38] . This analogy would mean that pure B18 has a more disordered structure than the membrane-bound peptide. This interpretation, too, is consistent with the expected behavior of B18. In the presence of Zn 2 , no signi¢cant changes could be detected in the IR spectrum of membrane-bound B18. Only a slight narrowing of the amide I band may possibly indicate a more uniform secondary structure of the peptide in POPC with Zn 2 (Fig.  2d) .
The spectrum of the dichroic ratio, R(X), is virtually independent of RH and of Zn 2 in the amide I region (Fig. 3, upper part) . The variation of R(X) across the band suggests that several populations of transition dipoles exist, being oriented more perpendicular relative to the membrane surface at s 1650 cm 31 and more perpendicular at smaller frequencies. A rough estimation, using the algorithm above with S IR (left)W30.04 þ 0.04 and S IR (right)W30.13 þ 0.01, yields S a (left)W30.07 þ 0.07 and S a (right) W30.26 þ 0.02. This would be equivalent to Gaf left W(55^60)³ and Gaf right W(67^66)³, i.e. a di¡er-ence between the mean orientations of the helix axes of about V10³. It must be stressed here that a similar frequency-dependent dichroism spectrum has been observed for the amide I band of other membrane-bound polypeptides [18] . It has been tentitavely explained by several e¡ects: (i) two populations of helices may exist with di¡erent insertion modes into the membrane [18] . For example, the amide I band of well-oriented transmembrane helices is assumed to appear at bigger wavenumbers when compared with free, non-oriented polypeptides. (ii) In the case of annexin V bound to supported bilayers, a mixture of K-helical and L-sheet structures has been suggested to give rise to a more out of plane transition moment (S IR = 0.18) for the high frequency component and a more in-plane transition moment (S IR = 30.11) for the lower frequency component of the amide I band [39] . (iii) Alternatively, the amide I band could be split into two di¡erently polarized subbands [18] . Simulations reveal that the amide I band of an K-helix can be decomposed into Amode-like and E-mode-like subbands in the 16501 660 cm 31 and 1620^1640 cm 31 regions, respectively [40] .
Note that the spectrum of the dichroic ratio, R(X), remains virtually unchanged in the region of the amide I band of B18 with increasing RH, even though the band position is considerably shifted towards smaller frequencies. Consequently, the mean order parameter of the amide I band decreases upon hydration from S IR W30.06 to 30.11 (the arrow in Fig. 3 illustrates the corresponding change of the dichroic ratio). This change would be equivalent to an increasing fraction of`in-plane' helices, in terms of one of the models discussed above. Alternatively, one may suggest that the binding of water molecules to the peptide, especially to its carbonyl groups, changes the angle K (between the helix axis and the transition moment) and/or slightly modi¢es the secondary structure. A simple estimation by means of Eq. 3 suggests that the di¡erence between the left and right £anks of R(X) could be explained by a change of K from 20³ to 45³ at constant helix orientation. Despite these open questions, it is clear that the structure and orientation of membranebound B18 are practically the same in the gel phase and liquid-crystalline state of POPC, both in the presence and absence of Zn 2 .
Zn 2+ -binding characteristics of POPC membranes
We demonstrated that zinc cations strongly interact with the polar groups of the zwitterionic lipid, and in particular with the negatively charged phosphate groups [25] . The formation of a 1:1 POPC:Zn 2 complex is paralleled by a conformational change of the C-O-P-O-C backbone from gauche/gauche into trans/trans. Furthermore, drastic dehydration of the lipids and metal cations is observed, both of which lose roughly 50% of their hydration shell. The energetic cost (on the scale of free enthalpy) for completely dehydrating the lipid headgroups is decreased by about 10 kJ/mol in the presence of Zn 2 . It appears that Zn 2 bridges between neighboring lipid molecules stabilize the gel phase relative to the liquid-crystalline state.
All studies with the peptide B18 and POPC in the presence of Zn 2 were performed at R ZaL W0.7 to Fig. 3 . Sum of the di¡erence spectra, vA(X) (see legend of Fig.  2 ), of (POPC+B18) (left) and of (POPC+B18+Zn 2 ) (right) at RH = 5% (solid spectra) and 98% (dotted) at T = 30³C. The corresponding spectra of the dichroic ratio are plotted above using solid and open squares for RH = 5% and 98%, respectively. prevent the formation of free Zn 2 on the one hand, and to ensure that enough metal ions are available within the system on the other hand. The COG of the symmetric P-(OC) 2 stretching band near 765 cm 31 , COG(X s (P-(OC) 2 )), was used as a measure for the amount of Zn 2 which is bound to the lipid [25] . In the presence of Zn 2 , COG(X s (P-(OC) 2 ) slightly shifts towards smaller wavenumbers after the addition of B18 (not shown). This response is attributed to the transfer of Zn 2 from the lipid to the peptide, because B18 has no signi¢cant e¡ect on X s (P-(OC) 2 ) in the absence of Zn 2 ions. Note that a B18-induced transformation of lipid-bound Zn 2 into`free' Zn 2 can be excluded, because otherwise the hydration capacity of the mixture would be expected to increase, in contradiction to our observations. By quantitative analysis based on the empirical relation of Zn 2 -binding to POPC, we suggest that less than 0.1 zinc ions are removed from each lipid molecule on average, or equivalently, each B18 molecule binds less than ¢ve Zn 2 ions.
3.5. The e¡ect of B18 on the lyotropic chain melting transition of POPC Fig. 4 shows the COG and the IR order parameter, S IR , of the symmetric methylene stretching band, X s (CH 2 ), of four di¡erent samples that were progressively dehydrated by decreasing the RH of the D 2 O vapor atmosphere. We studied the lipid (POPC) in the presence and absence of Zn 2 and/or B18. The sigmoidal decrease of both spectral parameters, S IR (X s (CH 2 )) and COG(X s (CH 2 )), is typical for the lyotropic liquid-crystalline/gel phase transition [17] . The freezing of the acyl chains into a predominantly stretched all-trans conformation is evident from the existence of the CH 2 wagging band progression at small RH (not shown, see [25] ).
The position and width of the phase transition can be well-characterized from the ¢rst derivative COGP = DCOG(X s (CH 2 ))/DRH. When a ¢rst-order transition of a two-component mixture (water+lipid) is induced by changing the chemical potential of water by means of a variable RH, the transition must proceed at a unique value of RH = RH m under isobaric^isothermal conditions [41] . The full width at half maximum (FWHM) of the COGP curve of the dehydration scan of pure POPC (FWHM-(POPC)W8%) represents a kind of intrinsic width of the system, because it remains virtually the same at slower scan rates, when reversing the scan direction (hydration), or when changing the amount of material or its source of purchase (impurities). One may therefore suggest, for example, that several states of di¡erently hydrated lipid molecules might be present, or that the coexistence of £uid and solid domains of microscopic size causes a certain broadening of the transition (vide infra). We will consider this question separately. Here the pure POPC will serve as a reference system for sake of comparison.
The addition of B18 (R PaL = 0.02) slightly shifts and widens the phase transition of POPC. These tendencies and the increased values of S IR (X s (CH 2 )) (less negative at RH 6 RH m ) and of COG(X s (CH 2 )) indi- cate that B18 probably decreases the molecular order within the hydrophobic core of the membranes, at least in the gel state, and thus destabilizes the solid phase of the lipid. Note that the COG of the methylene stretching band represents a qualitative measure of the conformational order of the hydrocarbon chains [42] . The gel phase disappears completely at a 10-fold increased amount of B18 (R PaL = 0.2, data not shown). Recent X-ray measurements showed that B18 perturbs the acyl chain packing of DMPC in the gel state, in agreement with our interpretation [8] .
In contrast to B18, the presence of Zn 2 exerts the opposite e¡ect on the phase transition (R ZaL = 0.7). The divalent ions stabilize the gel state of the lipid bilayer, because the center of the transition is shifted to a higher value of RH by vRHW15%. The IR parameters S IR (X s (CH 2 )) and COG(X s (CH 2 )) suggest that the hydrophobic core in the L K phase is more ordered in the presence of Zn 2 than compared with pure POPC. This tendency can be explained by the formation of Zn 2 bridges, which connect the phosphate groups of adjacent lipids and thereby reduce the molecular area available to the acyl chains in the L K phase [25] .
The width of the lyotropic phase transition of POPC is found to be markedly increased in the presence of zinc, possibly due to a slightly di¡erent degree of Zn 2 -binding in the gel and L K phases, and/ or because of a microheterogeneous distribution of Zn 2^l ipid complexes and of free lipid. The phase transition of the system POPC+Zn 2 +B18 remains essentially unchanged when compared with POPC+Zn 2 , except for a slight broadening at the left hand £ank of COGP. The interactions of the divalent cations with the lipid obviously represent the key factor that determines the phase behavior of the mixed system. The systematically bigger values of COG and S IR indicate that the molecular order of the hydrocarbon chains is slightly decreased, probably due to peptide/lipid interactions.
The polar region of the membranes as a function of hydration
The continuous changes of the position of selected stretching bands of the carbonyl and phosphate groups of POPC with increasing RH are characteristic signatures of the progressive hydration of the polar moieties. The presence of the peptide B18 has only a slight e¡ect on the vibrational characteristics of the polar groups of the lipid, both in the absence and presence of Zn 2 (not shown). A small shift of the respective band positions after addition of B18 to POPC/Zn 2 can be explained by the partial removal of Zn 2 from the lipid (vide supra). The IR order parameters of the absorption bands of the phosphate group in samples with and without Zn 2 do not change after the addition of B18. Hence, peptidebinding to the membrane clearly does not a¡ect the mean orientation and conformation of the phosphate groups.
A slightly bigger (less negative) IR order parameter of the CNO stretching band of the carbonyl group in the presence of B18 can be interpreted in terms of a slight disordering e¡ect of the peptide and/or of a smaller mean inclination angle of the CNO bonds with respect to the membrane normal.
Water-binding characteristics
The normalized IR absorption band of water in the di¡erent systems was transformed into an R WaL scale using Eq. 2. Fig. 5 shows that the lipid becomes considerably less hydrated in the presence of ZnCl 2 . Fig. 5 . Adsorption isotherms of POPC (`L', see ¢gure for assignments of symbols), of B18 (`P') and of POPC+B18 (`L+P') in the presence and absence of ZnCl 2 (`Z'), as a function of RH (R ZaL = 0.7, R PaL = 0.02, T = 30³C). R WaL has been determined by means of IR (cf. Eq. 2). Maximum agreement between the gravimetric and IR isotherms was achieved when a constant amount of 0.8 water molecules per lipid was added to the gravimetric data. This correction can be explained by imperfect drying of the sample in the gravimetric experiment.
The peptide B18 per se, on the other hand, hardly a¡ects the hydration of POPC, while the hydration of the mixture (POPC+B18+Zn 2 ) is further reduced below the level of the (POPC+Zn 2 ) system at the same RH. Hence, the water-binding capacity of the peptide and/or the lipid is signi¢cantly reduced in the presence of zinc.
Using the adsorption isotherms, it is possible to calculate the free enthalpy which drives the hydration process, according to [43, 44] 
The free enthalpy of dehydration, G dehyd , represents a measure of the work to remove water from the fully hydrated system to a reduced water activity of a w = RH/100% 6 1 [43] . [46] . The close approach and subsequent fusion of lipid bilayers in excess water requires a partial dehydration of the lipids in the region of contact. Hence, G dehyd can be regarded as a measure of the energetic cost of pushing two bilayers together to a distance d W , the thickness of the water gap between them. The thermal energy (RTW2.5 kJ/mol at T = 30³C) allows a spontaneous approach of the membranes only within a certain d W range that meets the condition RT v G dehyd . An intrinsic`distance of closest approach', d In these systems, at least a single layer of tightly bound water molecules prevents the direct contact between two apposing surfaces and thus the fusion of the lipid vesicles. In the presence of both B18 and Zn 2 , d 0 W is distinctly reduced. This increases the probability that thermal £uctuations can overcome the repulsion between the membranes such that fusion of the bilayers can occur. Indeed, whereas the peptide on its own only induces leakage of lipid vesicles, the additional presence of Zn 2 has been demonstrated to trigger its fusogenic activity [6, 7] .
General aspects and summary
The main aim of this study was to characterize (i) the e¡ect of Zn 2 on the secondary structure of the fusogenic peptide B18, (ii) to study the interaction of B18 with lipid membranes, and (iii) to analyze the corresponding Zn 2 -induced modi¢cations. Our results can be summarized as follows.
1. Zinc ions govern the folding pathway of B18 in an aqueous environment, by shifting it away from a L-sheet structure and towards an K-helical conformation. The fusogenic activity of B18 has been attributed only to the latter, helical state [6, 7] . It was suggested that the central histidine-rich motif, HxxHH, of B18 forms a Zn 2 complex via the two histidines in position i and i+4. This local loop could then act as a nucleation site for further folding into a more extended helix [7, 47] (see Fig.  7 for illustration). It is known that the placement of histidine residues at positions i and i+4 of an Khelix mimics naturally occurring metal-binding sites of proteins [48, 49] . 2. POPC also induces an K-helical structure in the B18 peptide. A helical structure has been determined by NMR in membrane-mimicking environments, such as 30% TFE or detergent micelles [7] . Previous studies of B18 in lipid (in the absence of Zn 2 ), on the other hand, had described a dominant self-association of the peptide into inactive Lsheet ¢brils, presumably as a result of high peptide concentration. The formation of multimers at higher peptide/lipid ratios has been reported to occur in interaction studies of other fusogenic peptides with neutral phospholipids [9, 10, 50] . Here we observe for the ¢rst time an essentially K-helical structure of the peptide when immersed in uncharged POPC bilayers, which appears to represent its functional fusogenic state. Hence, the formation of an K-helix is triggered by a partially hydrophobic environment, which can stabilize the hydrophobic patches along one side of the amphipathic peptide (see Fig. 7 for illustration) . Previous studies on other amphipathic peptides have suggested that the interaction with a bilayer surface induces similar K-helical structures [11, 51, 52] . X-ray di¡raction ( [24] and references therein), £uorescence quenching measurements [35] and molecular dynamics simulations [53] have shown that many K-helical amphipathic peptides tend to align parallel to the membrane surface, within the polar/apolar boundary between the lipid headgroups and chains. Fusogenic peptides, in particular, appear to assume an oblique orientation. A similar peripheral insertion mode of B18 is suggested here by the IR linear dichroism data. In good agreement with the postulated behavior, the fusogenic K-helix of B18 appears to enter the Fig. 7 . Schematic representation of B18 in an K-helical structure which is induced by the binding of Zn 2 to the histidines (H) in the central part of the peptide (above). Hydrophobic and hydrophilic residues are indicated by gray and white circles, respectively. The position of the lipids illustrates a hypothetical insertion mode of B18 into a lipid membrane. The peptide is represented in terms of a helix-break-helix motif at the polar/ apolar interface, where its hydrophobic and hydrophilic patches face the lipid and the water, respectively. The three parts of B18 are drawn in a helical wheel representation assuming a helix over the full length of B18 (middle, the residues are numbered according to the amino acids 103^120 of bindin from S. purpuratus). The table gives the sum of whole-residue free energies of transfer from water to POPC for the hydrophilic (vG w3if s 0) and hydrophobic (vG w3if 3 6 0) residues, for the three parts of B18 and for the whole peptide (bold numbers, all data in kJ/mol) according to the single-residue data of [24] . membrane in a slightly oblique fashion. There are
